Abstract --Reduction oflosses of Mn-Zn ferrites is of great importance to develop power supplies reduced in size and weight. For this requirement many attempts to study loss characteristics have been carried out, however, all contributions of each loss factor have not been made clear yet. In this study the eddy current losses are assumed to be expressed as a classical formula, proportional to the cross sectional area of the sample, squares of frequency and magnetic flux density and inversely proportional to AC resistivity. On this assumption the eddy current losses contribute less than 10% of total losses at 100kHz and 200mT. Furthermore the residual losses have proved to be in direct proportion to the hysteresis losses and the ratios of two components depend on frequencies and temperatures of measurement and also on grain size of the core samples.
I. INTRODUCTION
The core loss of Mn-Zn ferrite has been reported to be composed of three loss factors, hysteresis losses (Ph), eddy current losses (Pe) and residual losses (Pr) [1] .
Ptotal =Ph + Pe + Pr
(1) Although the Ph can be evaluated from the area of B-H loops (Wh) by DC measurement, i.e. Ph = Whi in a point of view that hysteresis is essentially a static phenomenon, others should be estimated by theoretical explanation as many attempts have been done. A way to separate qualitatively these contributions is utilizing frequency dependence of each component, plotting Ptotallf versus frequency, for example see ref. [2] . In this technique Phlf is constant and Pelf is evaluated from the linear part because Pe is expressed by following equation under the uniform magnetization [3] . Pe = 1C 116 'B 2 i 2 ·d 2 I P (2) where B is induction, f is frequency, d is diameter of cylinder and p is resistivity. Then higher order terms will be the Pr. The resultant Pe up to 500kHz proved to be relatively large value which reach the value Ptotal-Ph, much bigger than the calculated value using formula (2) .
On the other hand the plots of both Pto tal and Ph as a function of temperature show minimum at Tmin which accords to the temperature at secondary maximum in permeability. Then Ptotal-Ph also show minimum at around Tmin in particular for the sample whose grain size is relatively large. If the all losses except Ph would be the . eddy current loss which should increase monotonously because the electric resistivity of Mn-Zn ferrites decreases with temperature. These discrepancies suggest the eddy current loss contributes little to the total loss. If the Ptotal-Ph value is contributed from the residual loss conversely, this component shares the temperature dependence with the Ph showing minimum, therefore, some parts of residual losses seem to have same origins as the Ph. Otherwise the definition of the hysteresis loss, numerically multiplying the loop area under DC measurement by frequency, is not adequate because Wh excludes terms which increase with frequency.
In this study the definition of eddy current losses as a function of resistivity and the cross section of the core sample are adopted and the validity of the definition are confirmed. At following stage the relationships between Pr and Ph are discussed in the frequency range up to 500kHz.
EXPERIMENTAL
Sample cores of Mn-Zn ferrites with the composition of MnO.69ZnO.22Fe2.0604 were prepared by conventional powder metallurgical procedure.
Toroidal cores are approximately 31mm in outer diameter, 19mm in inner diameter and 6mm in thickness (toroidal Tl). Samples with grain sizes varied from 4.2f,lm to 22f,lm were obtained by changing the holding temperature and time while sintering as listed in table 1. Average diameters of grains were evaluated using an image analyzer (IP-1000PC, Asahi Chemical Corp.). Total core losses and hysteresis losses were measured using a BH analyzer (SY-8216, Iwatsu Erectric Co.,Ltd.) and a DC BH-curve tracer (Riken Denshi Co.,Ltd.) respectively in the frequency range 10kHz - The minimum values of Ptota! (Pmin) and the temperature (Tmin) at which indicate them at f=lOOkHz, Bm=20OmT and the DC resistivity at room temperature are also listed in Table 1 . In order to examine the size dependences of losses samples with about a half cross sectional area of toroidal T1 were also prepared (toroidal T2) and sliced into three thin toroidals.
Some of samples were cut and shaped into rectangular solid for impedance measurement in the 4-terminal pair configuration using a gain phase analyzer (4194A, Hewlett Packard).
AC resistivity at related frequencies was evaluated from the impedance results assuming the equivalent circuit in which the parallel junctions of the capacitance and the resistivity of grain boundary and the resistivity of grain are connected in series.
III. RESULTS AND DISCUSSION

A. Eddy current losses
If the sample contains a number of magnetic domains which cause microscopic eddy current, the Pe will be greater than the case of uniform magnetization. At the vicinity of Tmin magnetocrystalline anisotropy Kl is quite small and domain wall is considered to be very thick. Consequently, spatial distribution of magnetization becomes more broad compared to that when Kl is large, and then magnetization could takes place rather uniformly in the sample.
When magnetization takes place uniformly, the eddy current losses are defined by eq. (2), where AC resistivity evaluated from impedance measurement is used instead of DC resistivity and effective sections are adopted as the cross sectional areas of the core samples (Ae), lld/16 = Jr·Ae/4. In this experiment skin depth is large enough compared to core size at frequencies up to 500kHz. On this definition Pe values have proved to be not more than 10% of the total losses at. 100kHz and 200mT, smaller than those estimated from frequency dependence. However, as shown in Fig.I . Ptotal changes in accordance with calculated Pe as a function of cross sectional area. Therefore the estimation of the Pe contribution is valid on the assumption of the uniform magnetization.
B. Hysteresis losses and residual losses
As Pe is defined the residual loss can be obtained numerically Pr=Ptotal-Pe-Ph. When maximum inductions (Bm) change, Ptotal should also change resulting from the variation of Ph. It is revealed that the Pr defined above changes almost in direct proportion to Ph. Fig.2 exhibits the linear relation between Pr and Ph at lOCfC. These linearities hold for other samples and even at different temperatures. This result implies that almost all parts of Pr seem to be derived from same origin as Ph. Kawai et al. introduced the dynamic magnetic loss parameter At which is assigned to magnetic loss increased with frequency in order to investigate losses of Mn-Zn ferrites [4] . They reported that Af was proportional to hysteresis loss parameter Aho and that both losses originated from motions of domain wall.
The slopes of these plots Pr versus Ph increase with driving frequency. The slope is defined as a parameter h, an increment of Pr divided by that of Ph, and plotted against frequency in Fig.3 . The parameter h is a linear function of frequency and can be formulated as h=ci+ho' Then Pr is expressed as follows,
where c stands for a coefficient. Both ho and Po are estimated nearly nought, therefore, Pr can be expressed as a second order function of frequency, same dependence as Pe. Then the resultant formula of total losses contains two terms depending second order of frequency so that Pe can not be estimated from frequency dependence. The parameter h also depends on the grain size of the samples. As the result on another sample is inserted in Fig.3 the h value of the sample F with finer grains is small. Fig.4 Temperature Cc) related to increase in mobility of walls, which increase the ratio of Pr/Ph, and also Pr itself. Another aspect exhibiting the mobility of walls is permeability. Both the parameters h and the absolute permeabilities (=Bm/Hm) at 100kHz and 200mT are plotted against temperature for the samples with the largest grain and the smallest one in Fig.5 , indicating that two parameters are quite similar in temperature variation and that h values are related to the absolute values of permeability. Pr contribution could be related to the mobility of domain wall.
IV. CONCLUSIONS
(1) Eddy current losses, Pe, can be evaluated using the classic formula in which AC resistivity and the cross sectional area are used as resistivity and effective area respectively.
In this definition cross sectional area dependence of Ptotal is confirmed. (2) Residual loss is proportional to Ph while induction level varies. The ratio Pr/Ph depends on frequency, temperature and grain size of the sample and is related to the mobility of domain walls.
